Silica supported molybdena has been found to catalyze the partial oxidation of methane to methanol and formaldehyde. Nitrous oxi'de as the oxidizing agent and the presence of water vapor in the reactant gas stream were necessary to carry out this reaction at the temperature range of 480-590°C and a total pressure of one atmosphere. Highest turnover rates of methanol and formaldehyde were respectively 2.24xlO-4 and 6.25xlO-4 molec.s-1.site-1 at 590°C.
Introduction
With a C-H (first) bond energy of 104 kcal/mole and a weak interaction with most surfaces that is dominated by dispersion forces, methane seems to be the most difficult molecule among all organic substances to activate.
Nevertheless, when it is reacted with water (steam reforming) over nickel catalysts i t dehydrogenates completely to produce CO and H2 by an endothermic process. 1 Its oxidation to the thermodynamically most stable products, CO 2 and H20, is also facile. It would be of considerable importance if the partial oxidation of methane to methanol with the insertion of an oxygen atom could be carried out. This appears to a difficult reaction while the further partial oxidation of methanol to formaldehyde is a facile step and a well researched industrial process. 2 ,3 The methane to methanol conversion is a thermodynamically favorable process and in light of the successes obtained with the partial oxidation of other small molecules, ethylene and propylene, the production of methanol from methane deserves serious experimental scrutiny.
The purpose of this work is to investigate the possibility of partial oxidation of methane under atmospheric pressure conditions. The observation by Liu ~ al,4,5 indicated that partial oxidation could be achieved under one atmosphere pressure by the use of nitrous oxide as the oxidant and water vapor in the gas stream over a Mo03-Si02 catalyst. We have carried out the study reported here to verify their observation, which claimed a 1.9% methane conversion at 560°C to fomaldehyde and methanol at a four to one ratio without forming any carbon oxides. By using a set of experimental conditions identical to theirs we were able to reproduce their observations regarding conversion and selectivity at various temperatures.
We have considerably expanded the kinetic studies and observed several features that were different from those reported by Liu et al. 5 We measured the pressure and temperature dependences of the individual rates of formation -1-of methanol and formaldehyde. We observed a first order dependence of the rate of methanol formation on the partial pressures of methane and water vapor and zero order dependence on nitrous oxide. The rate of formaldehyde formation was found to be zero order with respect to all reactants. In our temperature dependence measurements, we were able to observe two linear domains in the Arrhenius plots for formaldehyde formation; they corresponded to activation energies of 82±4 kcal/mole below 540°C and 40±2 kcal/mole above. For methanol only one linear regime giving an activation energy of 38±4 kcal/mole could be observed. The activation energy value )540°C temperature domain for formaldehyde was close to a value of 42±2 kcal/mole observed by Liu et a1 5 for the total conversion of methane over the temperature range of 550-594°C.
Experimental
Materials: The catalyst, 1.7% Mo-Si02 was prepared by impregnation from a basic solution of ammonium heptamolybdate at a pH of 11.0 and a subsequent drying followed by calcination in air at 590°C. The support, Cab-Q-Sil grade HS-5 fumed silica, had a reported surface area of 350±25 m 2 g-1 •
The finished catalyst was pressed and sieved to 30-60 mesh particle. The final surface area, as determined by BET measurement, was found to be 220±5 m 2 g-1 • No attempt was made to determine the active molybdenum surface area by chemisorption measurements. The reactant gases, methane(99.9%) and nitrous oxide (99.0%); the reducing gas, carbon monoxide(99.0%); and the carrier gas, helium (99.9%) were used as received.
Apparatus and Methods: The fixed bed reactor and the continuous flow manifold used in this study are schematically represented in Fig. 1 . The flow of reactant and carrier gases were regulated by needle valves and monitored by rotameters. The requisite amount of steam was introduced into the gas stream by passing it through a heated water reservoir. The mixed gas stream, was placed at the exit in order 'to direct the exit gas stream either through a cold trap or through the six-port valve. The catalyst bed was centered in a six inch heating zone of a tube furnace, the temperature of which could be maintained within ioe o~e~ the entire' reactio~ period. The radial temperature gradient was usually less than 2°C. The catalyst was outgassed at 500 0 e under a vac~um of (WOll for one hour. "This was followed by a reduction in a 100 torr pressure of eo at the same temperature for one hour,' at the end of which the reactor was evac~ated and adjusted to the desired reaction temperature. The reaction was initiated by introducing an 80 seeM flow of the reaction mixture taking care not to introduce any air during the process.
One 'to two hour of time was' allowed for t'he system to reach a steady state condition and be re~dy f~rs~~ple analysis. The methanol to formaldehyde molar ratio determined by analysis of the gas phase agreed within 5% with that of the solution phase.
The rates of production of CH30H and HCHO were found by determining the total number of moles trapped in liquid phase over a timed intervaf~
The rate was calculated as the number of molecules formed per second per molybdenum atom. The reported rate data are based on the assumption of 100% dispersion of Mo, and hence set the lowest limit. The usual conversion versus contact time approach to kinetic studies was found not suitable for this reaction, since selectivity was a function of contact time. This will be discussed later.
Results.
Conversion and Selectivity: Data obtained over the temperature range of 480°C to 590°C are shown in Table I . The observed methane conversion varied from as low as 0.06% at 480°C to as high as 2.7% at 590°C. At tempera-\ tures below 500°C CH30H was formed almost exclusively. Selectivity values were calculated as percent molar ratios of the individual products to the molar "; . .
-5-sum of all the products. Above 500°C, HCHO selectivity continued to increase and reached the level of CH30H at 550°C. At higher temperatures the carbon monoxide formation became considerable. Over the entire temperature range of 480-590 o C, there was a gradual tendency for CH30H selectivity to decline and HCHO and CO selectivities to increase with increasing teinperature. It was interesting to note that even at the highest temperature studied (590°C),'HCHO remained the major product. Small amounts of other hydrocarbons, such as ethylene, ethane, propane and butane were also formed at all temperatures.
They were found to form, however, when .flowing the same reactant gas mixture over hot silica, and thus believed to be due to the interaction of the reactants with the silica support, and not the molybdenum oxide catalyst.
The threshold temperature for CO formation is apparently 570°C. However, it is possible-that at the low overall conversions small amounts of CO that formed at lower temperatures escaped detection by the relatively less sensitive thermal conductivity detector. 540°C appears to be a more realistic upper temperature limit for the sole formations of the desired products, i.e., CH30H and HCHO. In the subsequent kinetic order determinations all reactions were therefore carried out at 540°C.
Dependence of the product selectivity on contact time was investigated.
As shown in Table 11 , we found that a longer contact time favored the formation of CO and C02 at the expense of CH30H and HCHO. Based on these findings, all kinetic measurements were carried out by keeping the contact time unchanged at a value of 2.3 sec. and measuring the rates of formation of CH30H and HeHO directly, as described earlier.
Reaction Rates and Turnover Numbers: In order to investigate the change in the catalyst activity over time an experiment was carried out at 590°C, slightly below the temperature at which considerable loss of Mo03 due to sublimation was likely to occur. The initial turnover rates were -6-5.Sx10-4 and 2,.lxlO-4 molec.s-1 .site-1 for,formations of· ~CHO and CH 3 0H
respectively., As shown in Fig. 2 , the activity' for HCHO 'production dropped by about 40% within the first forty hoursan~ then continued to drop at a much slower rate to about half of the initial activity over the next 5-6 days. The activity for methanol production declined by the same extent over the same period of time. Whether these declines in activities were due to pOisoning or loss of Mo03 through volatilization is not clear at present. However, the turnover numbers, found to be 205 and 91 for CH30H and HCHO respectively .for the period observed, indicate clearly that both of these partial oxidation ',0,' :.
products were formed catalytically.
Kinetic Orders: Kinetic orders with respect to CH4, N20 and H20 were, determined at 540°C by following the rates of formation of CH30H and HCHO.
The rate of CH30H formation was found to,be roughly first order with respe~t to CH4 and H20, and zero order with respect to N20. In the case of HCijO, the kinetic ord~rs,were zero with respect to all reactants.; For these measurements, the mole fract~on of one of the reactants was, varied while others wefe h~ld The comparison of our results with theirs, shown in Table 1 , clearly indicates close agreement in conversion and selectivity at 570°C. It can be seen from the turnover rate data in Table I that methanol formation is a faster process as compared to that of formaldehyde. The reversed trend of rate data at temperatures higher than 550°C is due to the high rate of methanol oxidation to forma1dehyde,a process for which Mo03 is a good catalyst.
Kinetics and Mechanism: The rate of formation of CH30H was first order in CH4 and H20 at lower concentration ranges and zero order with respect to these reactants at higher concentrations. That of HCHO, however, did not show any dependence on any of the reactant concentrations. From activation energy measurements we were able to identify a low and a high temperature mechanism for the production of HCHO. Besides, the high temperature mechanism
was characterized by the same activation energy, i.e., ~ 40 kca1/mo1e, as that of the CH30H formation. This data suggests a consecutive oxidation pathway leading to HCHO through the formation of CH30H at temperatures above 540°C.
The production of HCHO at lower temperature with an activation energy of 82 kca1/mo1e can be considered independent of CH30H, i.e., it is a parallel process. The logical route from CH4 to either CH30H or HCHO is not obvious from this study, since no attempt was made to identify any possible intermediate/s, even though activation energy data alone suggests the existence of one and the same intermediate involved.
The most plausible reaction scheme, as far as can be inferred from the above data, is summarized in Fig. 7 . This scheme consists of five steps. In In that study, infrared spectroscopic data prOVided evidence for the existence of the surface methoxy species that was shown to react readily with water at step three to form CH30H before any considerable degradation into HCHO and carbon oxides could occur. The direct formation of HCHO at step four with an activation energy of 82 kcal/mole may occur through a rearrangement of the surface methoxy intermediate by the breaking of a second C-H bond. Oxidation of CH30H to HCHO on Mo03 is in fact known to involve such a rearrangement process. 2 It could also be argued that the activation energy of 82 kcal/mole is for the desorption of HCHO from the catalyst surface as the rate limiting step, as has been suggested by Pernicone ~ a1 3 in the case of methanol oxidation to formaldehyde. Which one of these two is actually rate limiting in the present case remains to be determined, but either way it would account for the zero order dependence of HCHO production rate on any of the reactants.
The data qualitatively fits the above reaction scheme that is presented in Fig. 7 if we assume that among the five elementary processes specified, steps two and four have lower rate constants, i.e., kZ,k4«k3,k5.
Step one, being a fast process, has been excluded, for simplicity, from the discussion that follows. Assuming a steady state condition for the surface methoxy intermediate, one can write,
At low conversions the second term on the right can be neglected, so that CH30H formation becomes a first order process with CH4. A first order dependence of CH30H formation on H20 at lower steam concentration is also apparent from equation (1) . At low steam concentration, step three may be a slow enough process to govern the overall rate of formation of CH30H, but above a water mole fraction of 0.3 (not shown in Fig. 5 ), the rate of CH30H formation becomes essentially independent of H20. Likewise, for HCHO at and above 540°C where there is an appreciable buildup of CH30H and its conversion to HCHO, one could formulate,
Since kZ,k4(<k3,k5, the first term on the right in the above equation becomes much smaller as compared to the second term, which predicts a zero order dependence of HCHO formation with respect to CH4. This is consistent with our suggestion made in the previous paragraph that a slow step four (low k4) would mean a zero order kinetics of HCHO formation.
No evidence is available from our study regarding the oxidation state of molybdenum. Liu ~ a1 4 ,5 however, showed evidence from ESR studies that the oxidation state of the active molybdenum species was MoV. Further information regarding the molybdenum oxidation state could be obtained by XPS measurements and the existence of CH30 and OH species attached to molybdenum oxide surface could be investigated by HREELS and UPS techniques. These studies are currently in progress in our laboratory.
The difference between the present study and the findings of Liu et a1 5
consists in the measurement of the kinetic orders. According to their finding, the overall CH4 conversion rate was first order with N20 and zero order with CH4, while our results suggest first order dependence with respect to CH4 for the rate of CH30H formation and zero order dependence with respect to both N20 and CH4 for HCHO formation. While the discrepancy of the kinetic order with" respect to N20 cannot be readily resolved, an explanation does exist for the case of the kinetic order with respect to CH4. The CH4 mole fraction range of 0.02 to 0.09 over which we observed the first order dependence was lower than was used in their study, which ranged above 0.07. According to their data, however, a slight dependence of the CH30H production on CH4 at the lower CH4 concentration range was discernible. Another possible reason for these discrepancies may be the temperatures used in the determination of kinetic orders. The temperature chosen for the present study was 540°C, at which there is no detectable of CO or C02 production. Our concern was the kinetics of formation of CH 3 0H and HCHO only. 4 Liu et al , on the other hand, studied the kinetic orders at 580°C, under the condition of formation of all oxidation products with the overall kinetic order in mind.
Conclusions
It has been shown that methane can be partially oxidized with nitrous oxide to methanol and formaldehyde at maximum turnover rates of 2.74xl0-4 and 6.25xl0-4 mo1ec.s-1 .site-1 respectively at a temperature of 590°C on silica supported molybdenum oxide catalyst surfaces~ The rate of methanol formation was first order with respect to methane and water, and zero order with respect to nitrous oxide. The rate of formaldehyde formation was zero order with respect to all reactants. The activation energy of 40 kca1/mo1e for methanol formation was found to be the same as for formaldehyde at temperatures above 540°C. This is suggested to be due to a common rate limiting ----------------------------------------------------------------------------------------------------- 
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